Abstract The modification of proteins by ubiquitination and deubiquitination plays an important role in various cellular processes. BRCA1-associated protein-1 (BAP1) is a deubiquitinating enzyme whose function in the control of the cell cycle requires both its deubiquitinating activity and nuclear localization. In the present study, a ubiquitin carboxylterminal hydrolase belonging to the BAP1 family was identified and characterized from Artemia parthenogenetica, a member of a family of brine shrimp that, under certain conditions, produce and release diapause embryos in which cell division and turnover of macromolecules are arrested. Western blot analysis and in vitro enzyme activity assay revealed ArBAP1 to be a cytoplasmic protein with typical ubiquitin hydrolase activity. Northern blot analysis revealed that ArBAP1 was abundant in the abdomen of Artemia producing diapause-destined embryos. Furthermore, by in situ hybridization, ArBAP1 was located exclusively in the embryos. In vivo knockdown of ArBAP1 by RNA interference resulted in the formation of embryos with split shells and abortive nauplii. The present findings suggest that ArBAP1, the first reported cytoplasmic BAP1, participates in the formation of diapause embryos and plays an important role in the control of cell cycle arrest in these encysted embryos.
Introduction
The role of ubiquitin and ubiquitin-mediated pathways in the control of the cellular process has been studied in detail. The process of ubiquitination involves the formation of a peptide bond between the C-terminal Gly of ubiquitin and the ε-amino residue of a Lys in the target protein (Kim et al. 2003) . The addition of a single ubiquitin moiety or a chain of ubiquitin moieties can either target a protein for degradation or the ubiquitinated protein can function in the regulation of numerous pathways (Spence et al. 2000; Galan and Haguenauer-Tsapis 1997; Fisk and Yaffe 1999) . Like many other post-translational modifications, ubiquitination is reversible through a process catalyzed by a large family of proteins known as deubiquitinating enzymes (DUBs). These enzymes are highly specialized and are involved in various cellular processes such as cell cycle regulation, gene expression, DNA repair, signal transduction, and protein trafficking (Nijman et al. 2005) .
Ubiquitin C-terminal hydrolases (UCHs) are a small class of DUBs that catalyze the removal of adducts from the C terminus of ubiquitin. UCHs have a conserved catalytic domain (about 230 amino acids) formed by three positionally conserved Cys, His, and Asp residues (Larsen et al. 1996) . In mammals, four UCHs have been identified to date, namely UCH-L1, UCH-L3, UCH37, and BRCA1-associated protein-1 (BAP1). UCH-L1 and UCH-L3 are responsible for the maintenance of the monoubiquitin pool within the cell through ubiquitin recycling and are also implicated in certain diseases (Kurihara et al. 2001; Osaka et al. 2003) . UCH37 is associated with the 26S proteasome in the ubiquitin degradation pathway and regulates its function (Lam et al. 1997a, b) .
BAP1, which was first discovered through its interaction with the RING finger domain of tumor suppressor BRCA1, is a nuclear-located DUB that enhances the growth suppressive effect of BRCA1 (Jensen et al. 1998) . However, BAP1 also possesses a BRCA1-independent activity, as demonstrated by its overexpression in cells lacking BRCA1, where it inhibits cell proliferation and tumor growth (Ventii et al. 2008) . Mutations in BAP1 have been found in several lung carcinoma and breast cancer cell lines (Jensen et al. 1998; Wood et al. 2007) . Restored BAP1 suppressed the growth of non-small-cell lung carcinoma NCI-H226 cells (BAP1 −/− ) in culture and in solid tumors in athymic nude mice (Ventii et al. 2008) . Inhibition of BAP1 expression by short hairpin RNA in HeLa cells resulted in the hypersensitivity of cells to ionizing irradiation and retardation of S-phase progression (Nishikawa et al. 2009 ). It was suggested that this inhibition of cell growth by BAP1 could be attributed to its assembly into high molecular weight multiprotein complexes containing transcription factors and cofactors, which might have an effect on the expression of specific genes involved in the regulation of the cell cycle (Machida et al. 2009; Yu et al. 2010; Eletr and Wilkinson 2011) .
Artemia, a primitive crustacean known as the brine shrimp, possesses a reproductive system designed to withstand harsh habitats such as hypersalinity, anoxia, and severe temperature changes (Abatzopoulos et al. 2002) . Under favorable environmental conditions, Artemia commonly produces nauplius larvae. However, under unfavorable conditions, it is common for the female to release encysted embryos in diapause (Sleger 1991) . Diapause is an obligatory dormant state that is often induced in a variety of organisms in response to unfavorable conditions (MacRae 2010). Encysted embryos, which are composed of about 4,000 cells, are arrested at the gastrulae stage and are characterized by an extremely low metabolic rate and the absence of DNA replication, transcription, and translation, all without the loss of viability (Drinkwater and Clegg 1991) . After termination of diapause by certain environmental cues, the embryos resume development, given suitable environmental conditions (Abatzopoulos et al. 2002) . Although several molecules associated with diapause have been described, the identification of factors involved in diapause initiation is still in its infancy (Sun et al. 2004; Viner and Clegg 2001; Sharon et al. 2009 ). Recently, flow cytometry analysis revealed that the cells of encysted embryos are arrested at the G1/S stage (data not shown), which indicated a relationship between the induction of diapause and control of the cell cycle.
The present study describes the identification of a BAP1 family known as DUB in Artemia parthenogenetica. This cytoplasmic ArBAP1 contains the conserved UCH domain but lacks two NLS signals found in other BAP1s. By Northern blot analysis, ArBAP1 was found to be abundant in the abdomen of adult Artemia. Furthermore by in situ hybridization, ArBAP1 was found mainly in embryos in the abdominal part of Artemia containing them. Downregulation of ArBAP1 by double-stranded RNA resulted in the production of embryos with split shells and defective nauplii instead of normal encysted embryos. These findings indicated that ArBAP1 might function in the formation and maintenance of encysted embryos. To date, this is the first reported cytoplasmic member of the BAP1 family. Its identification and characterization could provide new insights into the functions of the deubiquitinating enzymes.
Materials and methods

Animals
A. parthenogenetica from Gahai Lake, China, was a kind gift from Feng-Qi Liu of Nankai University, Tianjin, China. Animals were cultured at room temperature in an environment consisting of 8% artificial seawater and a photoperiod of 5 h light and 19 h dark. Animals were fed once every 2 days with Chlorella powder. Under these conditions, diapause cysts were commonly produced by the oviparous pathway. Examination of Artemia shell gland morphology was used to differentiate between oviparity and ovoviviparity as described by Liang and MacRae (1999) . Based on these criteria and those established by Dai et al. (2010) , the developmental stages in the reproductive tract were defined as follows: stage 1 is the pre-vitellogenic stage; stage 2 is the early vitellogenic stage, where oocytes reside in ovaries; stage 3 is the late vitellogenic stage, during which the oocytes enter the oviducts; and stages 4 to 6 are embryo developmental stages achieved after the eggs enter the uterus: stage 4 after 1 day, stage 5 after 2 days, and stage 6 after 4 days. After about 4 days of development, the release of encysted embryos or nauplius larvae takes place, depending on the reproductive mode.
Molecular cloning of ArBAP1 encoding cDNA Adult Artemia carrying different embryonic stages were snap-frozen in liquid nitrogen and homogenized in Trizol Reagent (Invitrogen, Grand Island, NY, USA). Total RNA was prepared according to the manufacturer's instructions and was quantified on a Genova UV/visible spectrophotometer at 260 nm.
First-strand cDNA was synthesized from 2 μg of total RNA using oligo(dT) and M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) in a 20-μl reaction system. For each sample, an aliquot of 0.5 μl of first-strand cDNA was used as a template for the following PCR amplification. Two primers (BAPF1 and BAPR1) ( Table 1) derived from an EST sequence (GenBank number DW678176, Qiu et al. 2007 ) were used to amplify a fragment of ArBAP1, using the following program: 94°C for 4 min, followed by 30 cycles at 94°C for 30 s, 54°C for 30 s, and 72°C for 30 s, with a final step at 72°C for 10 min. A 231-bp fragment was amplified and showed high identity with the former EST sequence.
In the following step, 3′ and 5′ rapid amplification of cDNA ends (5′ and 3′ RACE) was performed with genespecific primers (BAPF2 and BAPR2) ( Table 1 ) to achieve the full-length cDNA using the FirstChoice TM RLM-RACE kit (Ambion, Grand Island, NY, USA) according to the manufacturer's protocol. In 5′ RACE, one 392-bp fragment was achieved and sequenced. Because the full length 3′ end was not obtained with the 3′ RACE, another two genespecific primers (BAPF3 and BAPF4) ( Table 1 ) were used to screen a cDNA library constructed as previously reported (Dai et al. 2010) , which resulted in the amplification of a 610-bp fragment. To verify that those fragments were synthesized from one identical molecule, two primers (BAPF5 and BAPR3 in Table 1 ) were designed, and amplification was conducted as follows: 35 cycles at 94°C for 30 s (4 min only for the first cycle), 54°C for 30 s, and 72°C for 2 min (10 min only for the last cycle). PCR products were subcloned into the pUCm-T vector (Sangon, Shanghai, China) for sequencing analysis.
Northern blot analysis
The RNA probe used for Northern blot analysis and in situ hybridization was generated by PCR amplification. Based on the ArBAP1 cDNA sequence, two gene-specific primers (T7F, SP6R) (Table 1 ) with T7 and Sp6 promoter sequences, respectively, were designed. Using purified plasmid containing the full sequence of ArBAP1, the PCR product was gelpurified and labeled with DIG RNA labeling mix (Roche, Indianapolis, IN, USA) using RiboMAX TM Large Scale RNA Production System T7 and SP6 (Promega, Madison, WI, USA).
The body of the adult female Artemia is divided into two parts: cephalothorax and abdomen. The abdomen contains the anterior genital segment, which comprises the female reproductive system (lateral ovaries, oviduct, and ovisac, also known as the uterus) and seven other segments (Abatzopoulos et al. 2002) . Total RNA (10 μg) from the cephalothorax and abdomen of animals carrying specific developmental stages as described above was electrophoresed on a 1.0% agarose gel and transferred to a nylon membrane (Millipore, Billerica, MA, USA), followed by pre-hybridization at 42°C for 1 h and hybridization at 55°C The underlined regions represent the adscititious recognition sequences of restriction endonucleases F forward direction, R reverse direction a Position reflect nucleic acid locations in Fig. 2 overnight with a DIG-labeled antisense probe. After hybridization, the membrane was washed twice in 2× saline sodium citrate (SSC), 0.1% sodium dodecyl sulfate (SDS) at room temperature for 5 min, and twice in 0.5× SSC, 0.1% SDS at 65°C for 15 min. Hybridized probes were visualized with an Ap-conjugated anti-DIG antibody (1:10,000) (Roche, Indianapolis, IN, USA) and the CDP-Star chemiluminescent detection system (Roche, Indianapolis, IN, USA). The hybridized membrane was exposed to Kodak X-ray film for 30 min to 4 h. Ribosomal RNA was used as a control and visualized by goldview staining.
In situ hybridization
Artemia in late embryonic stages were anesthetized on ice, snap-frozen in liquid nitrogen, and embedded in Tissue Tek™ (Sakura, Japan). The embedded samples were cut into 8-μm-thick frozen sections using a frozen ultramicrotome. Dry sections were fixed in paraformaldehyde, digested with proteinase K, and hybridized with the RNA probe mentioned above at 42°C overnight. Then, the slices were washed at 52°C and blocked with blocking solution (Roche, Indianapolis, IN, USA). After blocking, the samples were treated with an anti-DIG-AP conjugate (Roche, 1:500) and visualized with nitroblue tetrazolium/4-bromo-4-chloro-30-indolylphosphate (Promega, Madison, WI, USA), according to the manufacturer's instructions. Finally, photographs were taken on an inverted microscope (Nikon, Japan).
Localization of ArBAP1
The open reading frame of the ArBAP1 gene was amplified by PCR using the primers PETF and PETR (Table 1 ). The amplified fragment was subcloned into the pET-28 vector (Novagen, USA) to generate a recombinant His6-ArBAP1 protein. In vitro expression of the fusion protein was induced in Escherichia coli by treatment with isopropyl β-D-1-thiogalactopyranoside, and the proteins were purified using the Ni-NTA resin of QIAexpressionist (Qiagen, Valencia, CA, USA). The purified protein was used as an immunogen to generate a polyclonal antibody against ArBAP1 (HuaAn, Hangzhou, China).
Cell fractionation was performed as described previously (Ausubel 1995) . Briefly, decapsulated encysted embryos were homogenized with a pellet pestle® cordless motor (Fisher Scientific, USA) in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (10 mM HEPES, 4 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5) for 10 min on ice. Homogenates were centrifuged at 3,300×g for 15 min at 4°C to obtain supernatant and pellet fractions. The pellets (nuclei, yolk platelets, and shell fragments) were resuspended and homogenized in fractionation buffer (10 mM Tris, 10 mM NaCl, 10 mM EDTA, 0.5 mM EGTA, 4 mM MgCl 2 , pH 7.4) using Dounce homogenizers. Preparations were then loaded on 45% (w/v) sucrose buffer and centrifuged at 12,000×g for 15 min at 4°C. Pellets were washed once with washing buffer (50 mM Tris, 120 mM MgCl 2 , 1 mM EDTA, 0.5% NP-40, 1 mM PMSF, pH 7.5) and restored to the initial volumes. Proteins were electrophoresed in 10% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were incubated with anti-ArBAP1, anti-α-tubulin (Sigma, St. Louis, MO, USA) and anti-histone H3 (Epitomics, Burlingame, CA, USA) at 4°C overnight and detection was performed using BM Chemiluminescence western blotting kits (Roche, Indianapolis, IN, USA).
In vitro enzyme activity assays
The ubiquitin carboxy-terminal hydrolase activity of ArBAP1 was assayed using the Ub-AMC substrate (ubiquitin Cterminal 7-amido-4-methylcoumarin) (Boston Biochem, Cambridge, MA, USA) as described previously (Masson et al. 2004) . Briefly, purified recombinant His-ArBAP1 was dialyzed against the dialysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA) and then the activity assay. Ub-AMC was diluted to a final concentration of 0.5 μM in 100 μl of assay buffer (50 mM HEPES, 0.5 mM EDTA, 1 mM dithiothreitol, pH 7.5). Samples were incubated for 30 min at 37°C. The levels of hydrolyzed AMC were measured by excitation at 380 nm and emission at 460 nm in an Infinite 200 PRO (Tecan, Mannedorf, Switzerland). UCH-L3 (Boston Biochem, Cambridge, MA, USA) at a concentration of 1 nM was used as a positive control, and bovine serum albumin (Takara, Japan) at 0.15 μM was used as a negative control. In each assay, 19 nmol of recombinant ArBAP1 was used. All samples were analyzed in triplicate.
Double-stranded RNA preparation and RNA interference For RNAi, a double-stranded RNA (dsRNA) fragment targeting ArBAP1 was generated using the primers RiF and RiR (Table 1) . A 431-bp cDNA was amplified and then subcloned into pET-T7 digested with XbaI and EcoRI. As a negative control, a 359-bp cDNA fragment of the GFP gene was amplified using the primers GFPF and GFPR (Table 1 ). The GFP fragment was then subcloned into pET-T7 in a similar manner as ArBAP1. Recombinant plasmids were transformed into E. coli HT115, and dsRNAs were purified as described by Yodmuang et al. (2006) . A dose gradient (20, 40, 60, 80, and100 ng) of ArBAP1 dsRNA and 100 ng of control GFP dsRNA were injected into the body cavity of Artemia just before ovarian development, with 100 individuals injected for each preparation. An UltraMicroPump II equipped with the Micro4™ MicroSyringe Pump Controller was used for the microinjection. The RNAi-injected and control Artemia were cultured in 8% artificial seawater under the conditions of L5/D19. Cysts from RNAi-treated and control animals were collected and observed by light microscopy.
Real-time quantitative PCR
Total RNAs were extracted from ovisacs and lateral pouches filled with oocytes or embryos 3 weeks after injection, from both RNAi-treated and control groups. After reverse transcription, real-time PCR reactions were performed on the Bio-Rad IQ5 TM Gradient Real-Time PCR System using the SYBR® Premix Ex TaqTM (TaKaRa, Shiga, Japan) and 200 nM BAPF1 and BAPR1 (Table 1) . Cycling parameters were 40 cycles of 10 s at 95°C (30 s only for the first cycle), 10 s at 56°C, and 10 s at 72°C (5 min only for the last cycle). Dissociation curves were analyzed at the end of each run to determine the purity of the product and the specificity of amplification. Relative transcript levels are presented as fold-changes calculated using the comparative CT method as described by Livak and Schmittgen (2001) and Schmittgen and Livak (2008) using 18S cDNA (GeneBank TM accession number DQ201283, amplified by the primers 18S F/18S R in Table 1 ) as the internal reference. All data are given as means ± SD of independent experiments from three separate RNA pools. All statistical analyses were performed using one-way analysis of variance, and differences were considered significant at p<0.01.
Results
Characterization of ArBAP1 encoding cDNA
The full-length cDNA sequence of ArBAP1 was constructed by overlapping of several fragments and aligned with the whole length product, amplified by BAPF5 and BAPR3 (Fig. 1) . The product contained 1,749 nucleotides with a 1467 open reading frame (ORF), a 103-bp 5′ untranslated region (5′ UTR) and a 179-bp 3′ untranslated region (3′ UTR). The ORF of ArBAP1 was conceptually translated into a 489-amino acid protein with a calculated molecular mass of approximately 55.1 kDa (GenBank accession number: HM853988.1) (Fig. 2) . A BLAST search using the deduced amino acid sequence of this protein against the NCBI database revealed that this protein belongs to the BAP1 family of UCH, and the 225 amino acid residues near the N terminus were identified as the conserved UCH domain.
When aligned with other known BAP1s, ArBAP1 shares 45.3% sequence identity with the BAP1 of Culex quinquefasciatus (XM_001842946), 42.9% with the BAP1 of Homo sapiens (NM_004656), and 42.7-41.5% with various other BAP1s. Especially in the N terminus, ArBAP1 shared over 50% identity with other BAP1s, in which the catalytic active residues of UCH (Q92, C98, H181, and D196) are totally conserved (Larsen et al. 1996) (Fig. 3a) . In the C terminus, ArBAP1 has a similar UCH37-like domain as other BAP1s but lacks the two putative nuclear localization signals (KRKKFK and RRKRSR) (Jensen et al. 1998) (Fig. 3b) .
Expression and distribution of ArBAP1
Using an RNA probe and Northern blotting on mature Artemia preparations, it was found that ArBAP1 was abundant and stable in the abdomens, from the early vitellogenic stage to the embryonic stages, although traces could also be detected in the cephalothorax (Fig. 4a) . ArBAP1 was also relatively abundant in encysted embryos (Fig. 4a ), but no signal was detected in nauplius larvae directly after release from females (data not shown).
To further study the localization of ArBAP1 in the abdomens of Artemia, in situ hybridization with a RNA probe was conducted. Abdomens of Artemia carrying late embryonic stages were examined. ArBAP1 was found to be localized exclusively and widely distributed in the embryos, while no signal was detected in any other part of the abdomen (Fig. 4b) .
The subcellular distribution of proteins is usually closely related to their function. BAP1s reported to date, and human BAP1 in particular, were shown to be nuclear-localized. In the present study, cytoplasmic and nuclear proteins were separated by centrifugation of cyst homogenates. The separation was confirmed by western blots using anti-tubulin and antihistone antibodies (Fig. 4c) . ArBAP1 was detected in the supernatant fraction but not in the pellet (Fig. 4c) indicating that, unlike other BAP1s, ArBAP1 is a cytoplasmic protein.
The ubiquitin carboxy-terminal hydrolase activity of ArBAP1
The deubiquitinating activity of recombinant ArBAP1 was measured using a fluorogenic substrate Ub-AMC, which is based on the C terminus derivatization of ubiquitin with 7-amido-4-methylcoumarin (AMC). Ub-AMC is an exquisitely sensitive substrate for UCH-L3 and has been used most frequently for ubiquitin hydrolases assay. As expected, recombinant ArBAP1 hydrolyzed the substrate, releasing AMC and exhibiting similar deubiquitinating activity as UCH-L3, while BSA and buffer control samples produced only background noise (Fig. 5) .
ArBAP1 is involved in the formation and development of encysted embryos
As shown by quantitative RT-PCR, treatment of animals with ArBAP1 dsRNA resulted in a dose-dependence decrease in ArBAP1 levels at 3 weeks after injection. The relative mRNA level of ArBAP1 decreased to a maximum (Fig. 6a) . In addition, ArBAP1 knockdown produced embryos with a split along the middle of the shell, and these sank to the bottom of the tank (Fig. 6b) . Several abortive nauplii were also observed (Fig. 6b) . These defective nauplii were released from cysts but could not develop further. GFP dsRNA-injected animals continued to produce and release normal diapause embryos (Fig. 6b) .
Discussion
The UCH family is characterized as a group of small proteins (about 25-30 kDa) localized in the cytoplasm. UCH-L1 and UCH-L3 are both single domain proteins that consist entirely of the UCH domain (Johnston et al. 1999 ). UCH37 contains a shorter coiled coil C-terminal extension that interacts with the Rpn13 subunit of the proteasome (Hamazaki et al. 2006 ). However, all BAP1s except those of C. quinquefasciatus have a molecular mass of more than 90 kDa. ArBAP1, which was identified in the present study as a new member of the UCH family, has a molecular mass of 55.1 kDa. It has a conserved domain and catalytic active sites in its N-terminal end, which were able to cleave the ubiquitin isopeptide bond similar to other UCHs (Figs. 2 In vitro enzyme activity assay. Ub-AMC was used as a substrate to assess the ubiquitin carboxy-terminal hydrolase activity of recombinant ArBAP1. The levels of hydrolyzed AMC were measured by excitation at 380 nm and emission at 460 nm. UCHL3 was used as the positive control; BSA and assay buffer were used as the negative controls and 5). In its longer C-terminal extension, ArBAP1 has a UCH37-like domain similar to those found in other BAP1s, but it lacks the shorter KEKE-motif within the ULD of UCH37, necessary for the interaction of UCH37 with Rpn13 (Hamazaki et al. 2006; Misaqhi et al. 2009 ). These results suggest that, unlike UCH37, ArBAP1 might not associate with the 26S proteasome.
As reported, the majority of BAP1s possess two typical Cterminal nuclear localization signals (Misaqhi et al. 2009 ). However, analysis of ArBAP1 by the PredictProteinNLS (www.predictprotein.org) and sequence analysis failed to detect any nuclear localization signal in its C terminus (Fig. 3b) .
Thus, ArBAP1 is the first reported cytoplasmic member of the BAP1 family. Cell fractionation and western blot analysis were used to confirm the cytoplasmic localization of ArBAP1 (Fig. 4c) . Recently, human BAP1 was reported to be involved in the regulation of the G1/S transition on the cell cycle. In the study by Ventii et al. (2008) , BAP1 in the NCI-H226 cell line (BAP1 −/− ) resulted in complete growth suppression and an increase in the number of cells in S and sub-G1 phases (Ventii et al. 2008) . In MCF10A cells that have endogenous BAP1, overexpression of mutant BAP1-C91S or knockdown of endogenous BAP1 led to reduced cell growth (Machida et al. 2009 ). The inhibition of cell cycle progression by BAP1 is closely related to the nuclear localization of BAP1, where it might interact with several transcription factors (Ventii et al. 2008; Misaqhi et al. 2009; Machida et al. 2009; Yu et al. 2010) . In Artemia, total cell cycle arrest has been reported to occur in the encysted gastrula, mainly at the G2/M phase (Nakanishi et al. 1962; Olson and Clegg 1978; Dai et al. 2007) . Recently, based on results from flow cytometry analysis, it was proposed that these cells are arrested at the G1/S transition (data not shown). In the present study, ArBAP1 knockdown resulted in the appearance of embryos with a split across the middle of the shell, which sank to the bottom of the tank, as well as several abortive nauplii. Unlike the normal diapause embryos arrested in the G1/S checkpoint, gene-knockdown embryos continued to develop. However, for unknown reasons, they just stopped and could not reach the normal nauplius stage. It was suggested that ArBAP1, despite its cytoplasmic location, might also play an important role in the regulation of the G1/S transition in a manner similar to the nuclear-localized human BAP1 (Nishikawa et al. 2009; Machida et al. 2009; Yu et al. 2010) . The exact role of ArBAP1 in the diapause embryos of Artemia remains to be fully understood.
Spatiotemporal analysis of ArBAP1 expression during Artemia development showed that it was focused in the abdominal region of Artemia, from early vitellogenesis to embryonic stages (Fig. 4a) . In adult female Artemia, the abdomen is composed of eight annular segments and contains the female reproductive organs (including ovaries, oviducts, and ovisac) (Abatzopoulos et al. 2002) . In the present study, RNA interference experiments showed that in ArBAP1 knockdown, development progressed smoothly from early vitellogenesis to the embryonic stages, but that cysts were released with shells split in the equatorial position (Fig. 6b) . These findings suggested that ArBAP1 might not be involved in oogenesis and early development of Artemia but could play a role in the final formation and maintenance of the encysted diapause gastrula.
Artemia releases diapause embryos via the oviparous pathway in part as a survival response to environmental stress. In eukaryotic cells, the ubiquitination of specific proteins not only mediates the selective degradation pathway of proteins Fig. 6 In vivo knockdown of ArBAP1. a The mRNA level of ArBAP1 after RNAi treatment was determined by real-time quantitative PCR. 1 GFP dsRNA (100 ng); 2-6 dsRNA against ArBAP1 (lanes 2, 3, 4, 5, and 6 represent 20, 40, 60, 80, and 100 ng, respectively). The expression level of the GFP dsRNA-injected group was considered to be 100% as a control. The means+SD are plotted. p<0.001. b Released embryos after ArBAP1 knockdown by dsRNA injection. a-d embryos released by the GFP dsRNA-injected group; e-g embryos released by the ArBAP1 dsRNAinjected group; h abortive nauplius found in the ArBAP1 dsRNA-injected group. In b (e) arrows indicate some cracked cyst shells but is also an adaptive response to stress (Wilkinson et al. 1992) . In yeast, it has been reported that UBI4, a ubiquitincoding locus, is specifically required for the resistance of cells to stress and ubiquitin is an essential component of the yeast stress response system (Finley et al. 1987 ). In addition, in the fungus Candida albicans, mutants with the deletion of UBI4, displayed morphological and cell cycle defects and rapidly lost their viability under starvation conditions (Leach et al. 2011) . The findings in Artemia, however, are very different. Anchordoguy et al. (1993) investigated the rates of protein turnover in Artemia embryos subjected to anoxia and found that the half life of cytochrome c oxidase was extended by 77-fold (Anchordoguy et al. 1993) . Anoxia-induced quiescent embryos of Artemia franciscana showed a block in the ubiquitin-mediated proteolytic pathway leading to a decrease in the levels of ubiquitin-conjugated proteins, from 37% to 7% (Anchordoguy and Hand 1994) . The inhibition of protein ubiquitination could be attributed to a reduction in adenylate energy status and the associated intracellular acidosis, but the detailed mechanism is not clear (Anchordoguy and Hand 1994) . One amazing characteristic of diapause and anoxic embryos of Artemia is that they undergo full metabolic arrest but still maintain integrity of their cellular machinery for very long periods time. In order to accomplish this, they must severely restrict energy-consuming processes, including macromolecular synthesis, and also tightly control proteolysis. In effect, the embryos must bring turnover of these important macromolecules to a standstill (Abatzopoulos et al. 2002) .
Deubiquitinating enzymes catalyze the removal of Ub from Ub-conjugated substrate proteins, and the role of Ub deconjugation in the regulation of several pathways is becoming increasing clear (Anchordoguy and Hand 1994; Wilkinson 1997; Song and Rape 2008) . The present results showed that ArBAP1 was abundant both in the abdomen of Artemia producing diapause-destined embryos and in the diapause embryos themselves (Fig. 4a) while no signal was detected in the nauplius larvae directly released by Artemia (data not shown). These findings suggested that ArBAP1 might cleave the Ub moieties from Ub-tagged proteins, leading to the arrest of the ubiquitination-dependent protein degradation pathway in cysts while contributing to the maintenance of diapause embryos.
